Objective The aim of this study was to determine whether young boys with fragile X syndrome (FXS) exhibit abnormal physiological or behavioral responses to a moderately intense auditory stimulus, as heightened sensory reactivity is believed to contribute to problem behaviors in this population. Methods We examined the physiological basis, via heart activity, of auditory startle in young boys with FXS (n ¼ 22) compared with typically developing controls (n ¼ 27). Associations with mental age, behavioral reactivity, and chronological age were examined. Results Results suggest that older boys with FXS display increased cardiac reactivity to auditory input than younger boys with FXS that distinguishes them from typically developing controls. Higher mental age was associated with decreased latency to react. Conclusions Results contribute to increased understanding of the pathology in sensory processing in boys with FXS, which can inform refinement of the phenotype in young children with FXS and aid in the development of efficacious psychopharmacological and/or behavioral interventions.
Introduction
Fragile X syndrome (FXS) is the leading known genetic cause of intellectual disability, with an estimated prevalence of 1 in 3,600 individuals (Hagerman et al., 2009 ). Hypermethylation of the promoter region of the FMR1 gene results in a reduction or absence of fragile X mental retardation protein (FMRP) that is associated with the clinical features of the syndrome. Physical features are mild and include a long narrow face, protruding ears, and macroorchidism in postpubertal boys (Hagerman, 1999) . At present, there is no cure for FXS, and treatment efforts focus on early identification and remediation of developmental deficits.
comorbid conditions in FXS is autism, with 25-52% of children with FXS meeting DSM-based diagnostic criteria (Clifford et al., 2007; Garon et al., 2009; Hall, Lightbody, & Reiss, 2008) , and up to 90% displaying at least one autistic symptom (Hagerman, 2002) . Understanding the underlying features of FXS is imperative for treatment initiatives and for understanding fundamental early developmental considerations.
Although the underlying mechanisms associated with problem behaviors in FXS are not yet fully understood, heightened sensory reactivity secondary to hyperarousal is believed to contribute to the emergence and intensity of problem behaviors observed in boys with FXS (Cohen, 1995; Miller et al., 1999; Roberts et al., 2001) . Sensory processing deficits as measured by both parent report and observational measures affect up to 90% of young boys with FXS and reflect both hyporesponsiveness, characterized as diminished reactivity associated with delayed latency of response or lack of orienting, and hyperresponsiveness, characterized as excessive or exaggerated reactivity associated with aversion or avoidance of stimuli (Baranek et al., 2008) . Sensory processing deficits are problematic and have been linked to lower levels of school participation, self-care, and play in school-aged boys with FXS (Baranek et al., 2002) . Although sensory processing deficits are reported in a number of clinical groups (autism and developmental delay) and are not specific to FXS, their prevalence and pattern appear distinct in FXS. In one of two studies to conduct group comparisons of sensory processing responses of children with FXS (mean age: 31 months), children with FXS and children with autism had more parent-reported sensory symptoms than children with developmental delays of mixed etiology and mental age-matched typical controls; however, children with FXS displayed less energy and were weaker in their motor responses than all three groups (Rogers, Hepburn, & Wehner, 2003) . In a study using retrospective video analysis of sensory-motor features, findings reflect that infants with FXS (9-12 months of age) displayed increased posturing, leg stereotypies, and less mature use of objects compared with groups of infants with autism, generalized developmental delay, and chronological agematched typically developing infants (Baranek et al., 2005) .
The underlying mechanisms for sensory processing deficits in FXS are not well understood. Some evidence suggests that low levels of FMRP predict sensory processing abnormalities (Miller et al., 1999) ; however, this finding has not been replicated in other studies (Baranek et al., 2008) . There are also mixed findings for an association between sensory processing variables and mental age or IQ (Baranek et al., 2005 (Baranek et al., , 2008 Rogers et al., 2003) .
Longitudinal studies of sensory processing changes as a function of chronological age are limited, with one study finding a shift from a predominant hyporesponsive pattern in early infancy to an increasing hyperresponsive pattern in later preschool years (Baranek et al., 2008) .
Recently, research has examined the physiological basis for sensory processing deficits in FXS. In general, this work suggests that excessive reactivity, not baseline (Baranek et al., 2008; Hagerman et al., 2002) , measures of arousal are related to abnormal sensory responses in FXS. Using auditory event-related brain potentials, elevated N1 amplitudes in the auditory brainstem of four adults with FXS have been reported (Rojas et al., 2001) . Similarly, elevated N1 amplitudes, larger N2 global field power, and no habituation of N1 with limited sensitization of N2 for repeated tones have been reported in four children with FXS (Castren, Paakkonen, Tarkka, Ryynanen, & Partanen, 2003) . This is consistent with exaggerated electrodermal responses and poor habituation to a series of auditory stimuli reported in 15 individuals with FXS (Miller et al., 1999) . Additionally, studies have found that males with FXS have deficits in prepulse inhibition, a marker of sensorimotor gating, and that this deficit was more pronounced in individuals with FXS with and without autism than in individuals with idiopathic autism (Frankland et al., 2004; Yuhas et al., 2011) .
Although existing studies provide critical information to better understand the physiological basis of sensory processing difficulties in FXS, this work is limited in several ways. First, the samples in these studies are small and age restricted. Second, these physiological studies failed to examine predictors of physiological responses, including FMRP and developmental variables such as chronological age and mental age, as has been done in behavioral work (Baranek et al., 2008) . Our study was designed to investigate the physiological basis of auditory startle in young boys with FXS using heart activity. We selected heart activity as the primary biomarker of interest given that it reflects both sympathetic and parasympathetic nervous system contributions, captures responses in real time, and is tolerable to most young children with FXS. The focus on the auditory system was because of evidence that boys with FXS exhibit abnormal responsivity in this system (Miller et al., 1999) and to design constraints that precluded a comprehensive sensory battery, as sensory responsivity was a secondary aim of the primary study. Two research questions guided this work. First, do young boys with FXS exhibit an abnormal physiological response to a moderately intense auditory stimulus? Second, is chronological age, mental age, behavioral reactivity, or FMRP associated with the physiological response to auditory stimuli in young boys with FXS? We hypothesize that boys with FXS will exhibit an abnormal physiological response to the auditory stimulus compared with typically developing controls, and that this response will relate to chronological age, mental age, behavioral reactivity, and FMRP.
Methods
This study used a cross-sectional case control design. Participants were drawn from a larger study examining early development and family adaptation to FXS (see Bailey et al., 1998) . Study procedures were approved by the Institutional Review Board at the University of North Carolina at Chapel Hill.
Participants
Two gender and chronological age-matched groups of boys (ages: $1-10.5 years) participated in this study. The target group consisted of 23 boys with FXS (M ¼ 4.91 years, standard deviation [SD] AE 2.54) as verified by genetic report, and the control group included 27 typically developing boys (M ¼ 4.62 years, SD AE 2.27). Only boys participated in this study because boys are more severely affected with less heterogeneity (Hagerman, 1997) . Boys with FXS were diagnosed with the full mutation through cytogenetic testing and DNA analysis. Typical development was defined as the product of a full-term gestation, no documented or suspected disability, and normal hearing and vision per parental report. No participants were taking psychoactive medication or had current cardiovascular disease, and no participants appeared to have trouble hearing the instructions of the examiner. Participants were recruited through several sources, including a national listserv for parents of children with FXS, a database of participants, and web-based advertisements posted on FXS organization web sites. Typically developing boys were recruited from local child care programs and schools, and all lived in a southeastern community where the study took place. Additional details regarding the participants' characteristics are displayed in Table I .
Measures
Heart Activity Heart activity data were collected at a 1 ms resolution (500 Hz) using the Mini-Logger 2000 (1994 system, a radio telemetry system using Polar chest belts for R-wave detection to identify that interbeat interval (IBI), which is the time interval between heart beats. Heart activity data were edited by hand by research staff who had undergone extensive training ($40 hr) in recognizing and editing heart activity via the training module of the MxEdit program (1989) . Editing files consisted of scanning the data for outliers relative to adjacent data and modifying those points by summing or dividing them to be consistent with the surrounding data. One participant was dropped because of a poor signal. Data were analyzed during baseline and reactivity. Baseline was calculated as the mean IBI during a 5-min phase immediately before the stimulus onset. Participants were seated and watching a video during this time. Reactivity was measured in two ways. First, a change score was calculated as the shortest IBI value within the stimulus phase minus the mean prestimulus baseline value. Second, the latency to the shortest IBI poststimulus was calculated in seconds. Latency to IBI was selected to reflect the efficiency or maturation of the autonomic nervous system, as shorter latency is generally associated with optimal orientation and attention. The shortest IBI was selected to reflect the upper range of responsivity that could be masked by using mean levels. To our knowledge, this is a novel indicator of heart activity; thus, results should be interpreted with caution. We selected heart activity over other measures (such as galvanic skin response) to allow obtainment of both a generalized index of arousal and an index of parasympathetic tone via heart activity.
Leiter-R The Leiter-R, a nonverbal measure used to assess cognitive function in children and adolescents aged 2-20 years (Roid & Miller, 1997) , was individually administered to each child with FXS as part of a larger study. This assessment took place on the same day as the auditory startle experiment. The Leiter-R was not administered to the control group, as the research questions did not address the relationship of mental age to physiological response in this group. The Brief IQ (M ¼ 100, SD AE 15) has reliabilities ranging from .88 to .90 and is highly correlated to the Wechsler Intelligence Scale for Children, 3rd edition (r ¼ .85). The majority (>75%) of participants were at or near the floor for this measure; therefore, the range of standard scores was severely restricted, which significantly impacted our ability to detect relationships among mental age and heart activity in this sample. Thus, a metal age score was calculated as the age equivalent based on raw scores.
Fragile X Mental Retardation Protein
Parental consent was required to draw blood from participants to analyze for percentage of FMRP-positive lymphocytes using immunocytochemistry techniques (Bailey, Hatton, Tassone, Skinner, & Taylor, 2001) . Although attempted with all FXS participants, we were successful at obtaining FMRP for 90% (n ¼ 20) of our sample. Because of the lack of variability and small sample size, FMRP was not included in our analyses; however, these values are provided descriptively (Table I) .
Behavioral Reactivity and Recovery
Behavioral reactivity and recovery were examined by reviewing the videotaped sessions. Data were collected at 100ths of a second. We examined behavioral reactivity in two ways. First, we rated behavioral reactivity using a rating scale of (1) no behavioral reaction, (2) mild behavior reactivity, (3) moderate behavioral reactivity, and (4) severe behavioral reactivity. See Table II for a specific description of the behavioral variables. Second, we measured behavioral latency to react, which was defined as the time it took for the child to begin to look at the alarm clock or display a startle response. We then examined behavioral recovery by measuring the latency to return to task following the stimulus. Return to task was measured by reviewing the child's behavior during the minute before the alarm. A child was considered to have returned to task if, for at least 15 s, he watched the video or engaged in a behavior that was observed during the minute before the alarm. A child who did not recover behaviorally within 60 s was given the maximum recovery time score of 60 s. If the examiner did not give the child at least 30 s to recover, he was dropped from the recovery analyses.
Experimental Procedures
Parents provided written informed consent for their child's participation in the study. Participants were assessed between 8:00 a.m. and 10:00 a.m. to account for circadian rhythms (Fallen & Kamath, 1995) . Sessions were videotaped to synchronize the heart activity with the session phases. The prestimulus baseline phase involved the child watching a nonviolent segment of a child-engaging video (i.e., The Lion King) for 5 min. Both groups watched the same 5-min video. At the end of 5 min, a child-friendly (i.e., Mickey Mouse) alarm clock rang for 5 s, serving as the auditory stimulus. This was an unexpected stimulus.
The clock was placed $24 inches from the participants. The peak sound pressure level was 79 decibels at 24 inches. Octave band measurements revealed that the greatest spectral concentration was in the high frequency area (8,000 Hz). The video continued playing throughout the auditory stimulus and for 2 min after the stimulus ended. Physiological and behavioral responses to the auditory stimulus were designated on review of the videotaped assessments, which were synchronized with event marks inserted into the heart activity data files.
Results

Descriptive Statistics
Descriptive statistics were calculated for all variables to determine the distribution of values to test those distributions against the assumptions of used analyses and to provide an overview of the primary variables (see Table III ).
Correlates of Physiological Response in FXS
Mental Age Partial correlation coefficients were computed among mental age and change in IBI, and mental age and latency to shortest IBI while holding chronological age constant. The partial correlations revealed no significant relationship between mental age and change in IBI in boys with FXS (r ¼ .21, p ¼ .36); however, there was a moderate relationship between mental age and latency to shortest IBI in boys with FXS (r ¼ .51, p ¼ .02) indicating that as mental age increased the latency to react increased.
Group Differences in Physiological Response
Linear regression models were conducted to investigate the presence of group differences in physiological response to an auditory stimulus. First, differences were examined in the magnitude of change between mean baseline IBI and shortest IBI for boys with FXS versus typically developing boys. Second, differences were examined in the latency to shortest IBI from stimulus onset. In addition to the grouping variable, child chronological age and an age by group interaction were included in each regression model to assess whether the association between group and either outcome variable (change in IBI and latency to shortest IBI) was dependent on child chronological age. 
Change in IBI
Group Difference in Behavioral Response
The behavioral reactivity scales of the two groups were compared using a Wilcoxon Signed-ranks test. No significant differences between groups were found on behavioral reactivity (T ¼ À0.25, p > .05). Paired samples t-tests were used to compare groups on latency to react and latency to recover. No significant differences were found for the latency to react [t (25) Behavior Pearson correlations were computed among the three behavioral variables (behavioral reactivity, latency to reactivity, and latency to recover) and change in IBI and latency to shortest IBI. The Pearson correlations revealed no significant relationship between any of the behavior variables and the physiological variables for either group. See Table IV for a summary of these results.
Discussion
Although individuals with FXS are noted to have problem behaviors associated with sensory processing deficits, few studies have examined the underlying physiological and behavioral mechanisms in young children. In the present study, we investigated cardiac and behavioral responsivity Moderate behavioral reaction Child looks at the alarm and may reach out to touch it and/or make a ''neutral'' comment about it (e.g., ''What was that?'' ''The alarm rang.''). This could also include a disruption in behavioral stream.
3
Severe behavioral reaction This includes a display of negative affect or a reaction such as a facial expression that looks ''fearful'' (e.g., a scowl of the face or eyebrows), and/or a ''negative'' comment about the alarm (e.g., ''That is loud,''), and/or a negative behavioral reaction (e.g., child pushes clock away, covers ears, and backs away), and/or a startle response (e.g., child shows a sudden shift in body position, e.g., a muscle twitch).
4
Behavioral latency to react The amount of time it takes the child to respond to the alarm. This can be observed as the child looking at the alarm and/or touching and turning toward it. The time was calculated from the beginning of the alarm to the child's response.
0-300 s
Behavioral latency to recover Behavioral observations of orientation back to watching the video or of doing what he was doing before the alarm for a minimum of 15 s. Back on task was observed as not looking or talking about the alarm but looking at the video, playing with a toy, or talking about something other than the alarm. to auditory input in young boys with FXS and a chronological age-matched typically developing control group. Agerelated changes have long been documented in FXS but have primarily focused on the well-studied decline in IQ and linear effects (e.g., increase in social anxiety with age), with few studies adopting a developmental perspective looking at how age effects may differ cross-sectionally across ages (Bailey et al., 1998; Roberts, Weisenfeld, Hatton, Heath, & Kaufmann, 2007) . Recent studies have emerged suggesting a nonlinear age effect on the sensory responses and negative affect in young boys with FXS using behavioral measures (Baranek et al., 2008; Shanahan et al., 2008) . More recently, Heilman, Harden, Zageris, Berry-Kravis, and Porges (2011) confirmed that males with FXS display an atypical autonomic profile exhibiting a faster baseline heart rate and decreased respiratory sinus arrhythmia compared with typically developing males. The primary finding of the current study is that young boys with FXS exhibit unique cardiac reactivity profiles across age that differentiate them from typically developing boys. Boys with FXS display increased cardiac reactivity associated with increasing age, whereas typically developing boys display little change in cardiac responsivity across age. These results suggest a developmental shift in physiological arousal that parallels recent findings from our group. Recently, we reported an age-related relationship between cardiac activity and the severity of autistic behavior in 31 boys with FXS, aged 8-40 months (Roberts, Tonnsen, Robinson & Shinkareva, 2012) . Cross-sectional analyses indicated increased autistic behavior was associated with lower heart rate at younger ages but with elevated heart rate at older ages. Results from these studies suggest a relationship between physiological arousal and core phenotypic features in FXS that emerge and shift within the first years of life that are consistent with findings from behavioral studies (Baranek et al., 2008; Shanahan et al., 2008) . This work lends evidence that observed behavioral characteristics may be rooted in abnormal physiological regulation associated with abnormal brain development secondary to FMR1 dysfunction. Understanding the developmental trajectory of early phenotypic features of FXS is imperative, as research supports the notion that phenotypic expression may change over time (Baranek et al., 2008; Roberts et al., 2012) , and that the phenotype in infancy is likely not a simple downward extension of that observed in early childhood. Research on early development is particularly crucial to further define the infant-toddler phenotype, and to help determine whether and at what age the phenotypic expression may ''shift.'' Understanding this phenomenon is of importance when considering treatment implications, as validated treatments of older children and adults may not be suitable for infants and young children. Improved understanding of the pathology in processing sensory stimuli in children with behavior problems, like FXS, may be helpful in the development of efficacious psychopharmacological and/or behavioral interventions that have promise to improve the developmental trajectory of these children and prevent primary deficits from emerging into additional secondary risk factors.
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Our findings contribute to the refinement of the complex relationship between arousal and behavior in FXS, which has only recently begun to emerge. Specifically, we report an association between mental age and reactivity (i.e., latency to shortest IBI) controlling for chronological age. This indicates that as intellectual abilities increase, boys with FXS show less sensory reactivity. Also, consistent with our previous work (Baranek et al., 2008) , we report that heart activity is not related to behavioral sensory reactivity. The lack of relationship between behavioral indicators and physiological measures in the current study is important, as it suggests that sensory reactivity may be occurring in FXS independent of behavioral indicators. However, the association of physiological arousal and sensory reactivity is likely complex, as others have reported a relationship between electrodermal activity and sensory behaviors in FXS (Miller et al., 1999) . The discrepancies between our work and others suggest that the association of sensory behaviors to arousal may be more closely linked to the sympathetic system given that electrodermal activity is primarily regulated by the sympathetic system, whereas heart activity is regulated by both sympathetic and parasympathetic components of the autonomic nervous system.
Although this study contributes to our understanding of the physiological mechanisms associated with sensory processing deficits in young boys with FXS, there are a number of limitations and areas for future research. First, we did not include a mental age or clinical comparison group (i.e., autism and idiopathic developmental disability), and we relied on standard screening procedures of parental report to document typical development and the absence of hearing or vision deficits rather than in-depth evaluation of these variables. Another limitation of our study was inclusion of a single stimulus (alarm) in only one sensory modality (auditory) rather than a comprehensive inclusion of multiple stimuli across modalities. We also used a novel indicator of heart activity (shortest IBI) that appears useful, but replication is needed before its validity can be established with confidence. Additionally, because of low levels of parental consent for blood draws, our sample size was insufficient to conduct in-depth analyses examining the relationship of behavior and physiology to FMRP that could further elucidate heterogeneity in this sample. Finally, we used a cross-sectional design that limits the inferences that can be drawn until our findings are replicated by a larger scale longitudinal study. Future work should address these limitations to include relevant clinical groups (e.g., idiopathic autism) in a longitudinal design with multiple sensory modalities examined.
This study has implications for clinicians, particularly with regard to increasing awareness of underlying indicators of physiological arousal at different ages that impact adaptive responses in boys with FXS, even when behavioral indicators of auditory reactivity are not as obvious. This study has implications for clinicians in that a lack of behavioral reactivity does not preclude the presence of sensory processing deficits, as evidenced by our physiological data. Also, our findings have implications for more specifically targeting psychopharmacological and environmental interventions if our finding that sensory reactivity is closely associated with sympathetic functioning. For example, medications known to attenuate sympathetic activation and environmental modifications associated with decreasing arousal activation (e.g., relaxation techniques and reducing stimuli) could be particularly beneficial in reducing these problem behaviors. Finally, our results indicate that lower functioning boys (e.g., lower mental age) with FXS may be at heightened risk for physiological dysregulation associated with sensory reactivity; therefore, this within-group variability is important in the detection and treatment to optimize outcomes.
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